Background: There are few data on the adverse effects of chronic exposure to high iodine intakes, particularly in children. Objective: The objective of the study was to ascertain whether high dietary intakes of iodine in children result in high thyroid volume (Tvol), a high risk of goiter, or both. Design: In an international sample of 6 -12-y-old children (n ҃ 3319) from 5 continents with iodine intakes ranging from adequate to excessive, Tvol was measured by ultrasound, and the urinary iodine (UI) concentration was measured. Regressions were done on Tvol and goiter including age, body surface area, sex, and UI concentration as covariates.
INTRODUCTION
More than two-thirds of the 5 billion people living in countries affected by iodine deficiency now have access to iodized salt (1, 2) . Iodine excess is occurring more frequently, particularly when salt iodine concentrations are too high or are poorly monitored (2) . For example, in Brazil, Algeria, Côte d'Ivoire, Zimbabwe, and Uganda, the median urinary iodine (UI) concentration is 300 g/L, whereas that in Chile and Congo is 500 g/L (3, 4) . High dietary iodine can also come from natural sources, such as seaweed in coastal Japan (5, 6) , iodine-rich drinking water in China (7, 8) , and iodine-rich meat and milk in Iceland from animals fed fish products (9) . As a result of both the use of iodine-containing agents in dairy farming and food preparation (10, 11) and the consumption of iodine from fortified salt, the mean UI concentration in school-age children in the US is Ȃ300 g/L (12),.
The World Health Organization/International Council for Control of Iodine Deficiency Disorders (WHO/ICCIDD) cautioned that a median UI concentration 300 g/L in 6 -12-y-old children is excessive (1) . By extrapolating from studies in adults, the Institute of Medicine has set the tolerable upper intake level (UL) for iodine in 4 -8-y-old and 9 -13-y-old children at 300 and 600 g/d, respectively (13) . Experts have highlighted the need for more research on the safety in children of iodine intakes between 200 -1000 g/d (13, 14) .
Excess dietary iodine may increase the risk of thyroiditis, hyperthyroidism, hypothyroidism, and goiter (14) . In healthy adults, short-term iodine intakes of 500 -1500 g/d have mild inhibitory effects on thyroid function (15) (16) (17) . The consequences of prolonged exposure to high intakes of iodine, particularly in children, are less clear. Endemic goiter in children has been described in coastal Japan, where iodine intake from seaweed was 10 000 g/d (5). Lower intakes, in the range of 400 -1300 g/d, from iodine-rich drinking water, were associated with increased serum thyrotropin (TSH) and thyroid volume (Tvol) in a small sample of Chinese children (7) .
In this study, we analyzed a broad range of UI concentration and Tvol data from a recent international study of school-age children (18) , and we included new data from Hokkaido, one of the islands of Japan, on which there traditionally is a high iodine intake. Our aim was to determine whether chronic high iodine intakes are associated with greater thyroid size in school-age children.
SUBJECTS AND METHODS

Subjects
The multiethnic sample included children living in North and South America, Central Europe, the Eastern Mediterranean, Africa, and the Western Pacific ( Table 1) . The sample was recruited from primary schools whose pupils were of middle to low socioeconomic status (18) .
Written informed consent was obtained from the parents of participating students. Ethical approval for the study was given by the Swiss Federal Institute of Technology Zürich as well as by each local institution involved in the study.
Methods
Height and weight were measured by using standard anthropometric technique (19) . Heights were recorded to the nearest millimeter and weights to the nearest 100 g. Tvol was measured by using an Aloka SSD-500 echocamera (Aloka, Mure, Japan) equipped with 7.5-MHz linear transducers. Measurements were performed while subjects sat upright in a straight-backed chair with the neck extended. For each thyroid lobe, the maximum perpendicular anteroposterior and mediolateral dimensions were measured on a transverse image of the largest diameter, without including the isthmus. The maximum craniocaudal diameter of each lobe was then measured on a longitudinal image. The thyroid capsule was not included. The ultrasound measurements were done by one of us (MZ or SH). Intraobserver variability, as defined by limits of agreement (20) for repeat measurements done in Ȃ4% of the sample by one of us (MZ or SH), were Ҁ0.087, 0.134 and Ҁ0.114, 0.165. For interobserver variability, the limits of agreement for duplicate measurements done in Ȃ6% of the sample were Ҁ0.202, 0.246.
Spot urine samples were collected, and aliquots were stored at Ҁ20°C until they were analyzed. Measurement of UI concentrations was done in Zürich by using the Pino modification of the Sandell-Kolthoff reaction (21) , which was validated against the results of inductively coupled plasma mass spectrometry (22) . Volume of each lobe (mL) ϭ AP diameter (cm)
Then the lobe volumes are summed. Median daily iodine intake was estimated from median UI concentration by the method of the Institute of Medicine (13), which assumes that 92% of dietary iodine is excreted in the urine and calculates 24-h urine volume in children by using body weight-and age-specific median urine volumes for 7-15-y-old children (24) . To normalize their distributions, UI concentration and Tvol were log 10 transformed, and analysis of variance was used for comparisons among sites. Multiple regression was done to look for associations of UI concentrations and Tvol with adjustment for age, sex, and BSA. Log 10 (Tvol) was plotted against log 10 (UI concentration) and a Lowess smoothed line was calculated by using S-PLUS-2000 software (25) . Goiter was defined by using sex-and BSAspecific reference criteria for Tvol (18) , and, in the coastal areas of Hokkaido, logistic regression of goiter with covariates of sex and UI concentration was done.
RESULTS
The sample size and subject characteristics and the age-and BSA-adjusted Tvol (Tvol adj ) by site and combined are shown in Table 1 . The mean Tvol adj in coastal Hokkaido was approximately twice the combined mean Tvol adj at the other 6 sites (P 0.0001). The United States and Bahrain had significantly smaller THYROID VOLUME AND HIGH IODINE INTAKE Tvol adj than did the other sites (P 0.0001). The UI concentrations and the corresponding estimated iodine intakes (13) by site and combined are shown in Table 2 . According to the WHO/ICCIDD criteria for assessing iodine nutrition by using median UI concentrations (1), iodine intakes were adequate in Switzerland, South Africa, and Bahrain; more than adequate in Peru, the United States, and central Hokkaido; and excessive in coastal Hokkaido. Compared with the children at the other the sites, the children in coastal Hokkaido had significantly greater Tvol adj over the entire range of UI concentrations. With the exception of coastal Hokkaido, there was no significant correlation between UI concentrations and Tvol adj in any of the individual sites. In coastal Hokkaido, higher concentrations predicted significantly higher Tvol adj in both boys (r ҃ 0.19, P ҃ 0.03) and girls (r ҃ 0.28, P 0.001); the odds ratio for goiter was 1.75 (95% CI: 1.1, 2.9; P ҃ 0.03) for a 10-fold increase in UI concentration. The plot of log(Tvol) and log(UI concentration) for all sites combined is shown in Figure 1 . Log(Tvol) begins to increase at log(UI concentrations) 2.7, which, transformed back to the linear scale, corresponds to a UI concentration of Ȃ500 g/L.
DISCUSSION
Most data on the effects of high iodine intake come from short-term studies in adults. The administration of pharmacologic quantities of iodine (10 -1000 mg/d for several weeks) to euthyroid adults decreases serum thyroxine and triiodothyronine concentrations and produces a compensatory increase in basal and thyrotropin-releasing hormone-stimulated serum TSH concentrations (26, 27) . Smaller doses of oral iodine (500 -1500 g/d) may also have a mild inhibitory effect on thyroid hormone secretion in euthyroid adults (15) (16) (17) . Paul et al (15) gave healthy adults 250, 500, and 1500 g iodine/d for 14 d. At doses of 250 and 500 g/d, there were no detectable effects, but the 1500 g/d dose produced mild abnormalities in the pituitary-thyroid axis. Gardner et al (16) assigned 30 men to receive either 500, 1500, or 4500 g iodide/d for 2 wk. Mean UI concentrations in the 3 groups increased to 638, 1498, and 5035 g/L, respectively. The 500-g/d dose significantly increased serum TSH response to thyrotropin-releasing hormone, and the 2 larger doses increased both basal and thyrotropin-releasing hormone-stimulated serum TSH concentrations. Mean thyroxine and free thyroxine index decreased significantly at the 2 higher iodine doses. These studies indicate that iodine intakes of ͧ500 g/d over several weeks induce subtle, reversible changes in pituitary-thyroid function in adults (with values remaining within the normal range), probably by inhibiting thyroid hormone release (15) (16) (17) .
Several studies have reported that excess iodine has a goitrogenic effect in adults. In Peace Corps volunteers, ingestion for up to 32 mo of ͧ 50 mg iodine/d from iodine-resin water filters increased mean (ȀSD) UI concentrations to 11.1 Ȁ 19.1 mg/L (28). Goiter by palpation was found in 44% of the subjects; 30 Ȁ 11 wk after removal of excess iodine, the goiter prevalence decreased to 30% (29) . LeMar et al (30) reported a reversible, TSH-dependent thyroid enlargement in response to iodine excess from tetraglycine hydroperiodide water-purification tablets. A dose of 32 mg iodine/d for 3 mo given to 8 healthy adults increased mean UI concentrations from 0.28 to 40 mg/d. Mean Tvol, determined by ultrasound, increased by 37% after 3 mo in those subjects but returned to baseline an average of 7.1 mo afterward. Namba et al (31) gave 10 healthy men 27 mg iodine/d for 28 d. Mean Tvol increased significantly (16%) after 4 wk and returned to baseline 4 wk after iodine withdrawal.
In children, excess dietary iodine has been associated with goiter and thyroid dysfunction. In a report of what the authors called "endemic coastal goiter" in Hokkaido, Japan (5), the traditional local diet was high in iodine-rich seaweed. UI excretion in children consuming the local diet was Ȃ23 000 g/d. The overall prevalence of visible goiter in children was 3-9%, but, in several villages, Ȃ25% of the children had visible goiter. Most of the goiters responded to the administration of thyroid hormone, restriction of dietary iodine intake, or both. TSH assays were not available, but it was suggested that an increase in serum TSH was involved in the generation of goiter. No cases of clinical hypothyroidism or hyperthyroidism were reported.
Goiter in children may also be precipitated by iodine intake well below the high amount in the studies from Hokkaido. Li et al (7) examined thyroid status in 171 Chinese children from 2 villages where the iodine concentrations in drinking water were 462 and 54 g/L, and the children's mean UI concentrations were 1235 and 428 g/g creatinine, respectively. The mean serum TSH concentration (7.8 mU/L) was high in the first village and high-normal (3.9 mU/L) in the second village. In the first village, the goiter rate was 60% and mean (ȀSD) Tvol was 13.3 Ȁ 2.7, whereas the goiter rate was 15-20% and mean (ȀSD) Tvol was 5.9 Ȁ 1.8 in the second village. There were no signs of neurologic deficits in the children. In other reports from China, drinking water with iodine concentrations 300 g/L resulted in UI concentrations 900 g/L and a goiter rate of 10% (8) . Although the mechanism remains unclear, increased thyroid size associated with high iodine intake may be due to autoimmunemediated lymphoid infiltration of the thyroid (32, 33) , inhibition of thyroid hormone release that increases serum TSH and thyroid stimulation (7, 27) , or both. Taken together, the Chinese studies suggest that goiter and thyroid dysfunction may occur in children at iodine intakes in the range of 400 -1300 g/d.
Our data support previous findings of thyroid sensitivity to high iodine intakes and suggest that chronic iodine intakes ͧ 500 g/d in children increase thyroid size. However, this possibility is based mainly on the data from coastal Hokkaido; in central Hokkaido and in the United States-the 2 other sites with a high prevalence of UI concentrations 500 g/L-there was no significant increase in Tvol at higher UI concentrations. This difference could be due to dietary or environmental factors (or both) in coastal Hokkaido that potentiate the effects of high iodine intake. A limitation of our study was that thyroid function tests and antithyroid antibodies were not measured in the sample. It is possible that children with high iodine intakes could have subtle changes in pituitary-thyroid function that were not reflected by increases in thyroid size. However, in previous studies of iodine excess in adults and children that measured Tvol by ultrasound (most of which reported iodine intakes much higher than those in our sample), nearly all detected an increase in Tvol (5, 7, 8, 28 -31) . This suggests that an increased Tvol is a reasonable marker of thyroid dysfunction in response to iodine excess. Although our findings support the contention that moderately high dietary intakes of iodine -in the range of 300 -500 g/d-are well tolerated by healthy children, iodine intakes in this range are of no benefit and may have adverse effects not detected in this study.
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Letters to the Editor
Are the psychological tests valid?
Dear Sir:
The article by Black et al (1) provides insufficient information to claim that weekly administration of iron and zinc supplements benefits exploratory behavior. The iron and the iron-plus-zinc treatments had a significant effect on the orientation-engagement factor of the Bayley Behavior Rating Scale (2), which includes one item (out of 11) on exploration. This factor also includes items that assess "ѧ arousal, positive affect, energy, initiative, enthusiasm, exploration, social engagement, and lack of fearfulness" (3). At issue is not a simple change of labels but whether the 11 items included in the orientation-engagement factor measure the concept of exploration. No evidence to this effect was presented, and the statement that "Orientation-engagement factor served as the measurement of exploration" trivializes both the scale and the very nature of construct validity (4) . The definition of exploration should not be left to common sense; it requires careful consideration of the behavioral and developmental components of the concept.
There was no treatment effect on the Mental Development Index (MDI) from the Bayley Infant Development Scale II administered at 12 mo. This finding was not surprising. The MDI obtained at 12 mo has a track record of poor sensitivity to detect developmental delays secondary to micronutrient deficiencies, and its construct validity is questionable (5, 6) . Accordingly, the authors could have predicted that the MDI would not discriminate among groups after treatment. The probabilities of detecting effects on the mental scale, if any were indeed present, would have increased if the authors had charted a developmental trajectory after age 12 mo (6, 7).
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